Abstract: A fast refocusing criterion using the phase in the frequency domain is presented, suitable for applications providing polychromatic complex field imaging, like color interferometric digital holographic microscopy. Simulations and experimental results confirm its high potential.
Introduction
Compared to classical optical microscopy, digital holographic microscopy (DHM) has two main advantages. First, after recording, holograms can be reconstructed in depth by numeric propagation [1] . This gives a much larger depth of investigation in a one-shot record. Second, for interferometric configurations of DHM, a quantitative measure of the optical phase is extracted from holograms [2] .
Using multispectral sources in DHM increases the potential of this method by providing several advantages, e.g., color analysis of samples [3] , which is highly valuable for the observation of biological samples. Moreover, in multispectral DHM, information in the different wavelengths can be combined, which offers capabilities not existing in monochromatic DHM, as for instance new method for phase unwrapping [2] .
DHM allows to reconstruct plane by plane along the optical axis but a refocusing criterion is required to automatically select the plane in which the object is focused. Numerous refocusing methods were developed, mostly based on metrics in the spatial domain [4] . These require to reconstruct the image in every plane where the criterion is computed. However, systematic reconstruction is time-consuming, which constitutes the principal drawback of methods based on the spatial domain. To overcome this issue and avoid reconstructions, a solution is the use of a criterion working in the Fourier domain [5] . Moreover, most of criteria are applicable either for pure amplitude objects, or for pure phase objects, while only a few criteria apply for both types of objects [4] .
The refocusing criterion presented here is based on the phase in the frequency domain, which is compared among the used wavelengths. It suits whatever the nature of the object and is applicable if the complex amplitude of the optical field from the object is known for at least two different wavelengths, like in multispectral color interferometric DHM. This refocusing criterion will be soon described and studied in a more detailed manner [6] .
The criterion is developed in point 2, where the basic principle of the method is explained. Simulations, exposed in point 3, have been performed in order to validate the behavior of the criterion. Before concluding, experimental results show, in point 4, the efficiency of the refocusing criterion with the observation of microorganisms.
Theoretical principle
In the following, I and J are superscripts denoting the considered wavelengths. For example, in red (R), green (G), and blue (B) DHM, I and J can be R, G, or B. An object is supposed to be located in a plane S and characterized in the color I by the complex transparency function ( ) 
where denotes the modulus and
ϕ is the phase of the illumination in the plane S.
Under the paraxial approximation, the free space propagation of light can be described in the Fourier domain by the following equation [7] ( ) ( ) ( )
, exp π ,
where F is the two-dimensional Fourier transform, 
which means that the modulus in the Fourier domain is invariant with the propagation. Consequently, to a certain extent, the information about the focus should be only contained in the phase in the Fourier domain. This statement is at the basis of the refocusing criterion presented here.
First, the hologram is processed to extract in each color the complex amplitude ( ) ( ) 
Consequently, a metric measuring the difference between ( )
across the image constitutes a refocusing criterion, as it exhibits a minimum when d corresponds to the distance between the recorded plane and the plane containing the object. All points across the image are actually not used. Indeed, numerical aperture (NA) of the objective lens restricts the Fourier spectrum to a pupil, whose size depends on the wavelength. To avoid biases, it is hence mandatory to limit the used spectra to the smallest NA pupil, i.e., the NA pupil corresponding to the largest wavelength. Moreover, one can show that the aforementioned metric is also minimal in the focal plane of phase and mixed nature objects if a high-pass filtering is operated. It does not affect the process for amplitude objects. It results that the points ( ) 
Validation with simulated holograms
Simulations were used to validate the refocusing method. Spherical objects with a diameter of 30 µm are considered. They are filtered by NA = 0.6 and defocused by -50 µm. A sampling array of 1024 × 1024 pixels is used, with a sampling distance of 0.1 µm per pixel. The criterion J d was computed for reconstruction distances ranging from -500 to 500 µm by steps of 0.5 µm. Results are shown in Fig. 1 . Three kinds of objects were studied: pure amplitude objects (completely opaque), pure phase objects (completely transparent and refractive), and objects having together amplitude and phase behaviors (refractive and partially absorbing). For concision, only the pure amplitude object is illustrated here. As expected, one can see on the graph that the criterion is minimal when the object is refocused. 
Experimental results
Water samples from a small river were analyzed in-flow by injecting them into a capillary, present in the object arm of a color DHM. The in-flow imaging with a color DHM is fully described in [3] . We used the automatic correction for permanent defects and aberrations, and for the color balance, also explained in [3] . It results high quality images, with flat background, for both intensity and phase. Figure 2 shows an example of refocusing with the method developed here, with such an image of microorganism. The graph presents the evolution of the criterion J d as a function of the reconstruction distance d (solid red line). A comparison is performed with the color criterion we developed in [1] , based on amplitude analysis in the spatial domain (dashed green line). One can observe that the curve of J d exhibits a well-defined minimum, both on long and short ranges, which confirms its robustness. A good agreement between the two criteria is also visible on the graph, since they give a similar refocus distance. The criterion Jd presents a well-defined minimum, whatever the range considered.
Conclusions and perspectives
A refocusing criterion has been developed for color interferometric DHM. It is based on the phase in the Fourier domain, whose the dependencies on the defocus distance and on the wavelength are linked. We emphasize it can also be used for every application providing the complex amplitude of the optical field, corresponding to the object, in at least two different wavelengths. As it only uses the frequency domain, the developed criterion does not need any reconstruction, which allows a substantial saving in computational time. Furthermore, it detects the focus position of pure amplitude objects, pure phase objects, and objects mixing both amplitude and phase natures, by exhibiting a well-defined minimum at the refocus distance, which makes it robust. Moreover, the criterion presented here is powerful as it benefits from both rapidity and accuracy. It will be useful in many applications where multispectral DHM is of interest, e.g., in biology, medicine, microfluidic, and environmental science.
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